Impacts of increased photovoltaic panel utilisation on utility grid operations - A case study by Chant, T.I. et al.
 
  
Abstract - Renewable energy is starting to be used as the panacea for 
solving climate change or global warming problems. Therefore in the 
starting of 21st century, Government, utilities and research 
communities are working together to develop a climate-friendly 
power generation systems for a sustainable society by increasing 
large-scale energy generation from renewable energy sources. 
However, due to the intermittent nature of renewable energy sources 
creates a number of potential challenges in integrating renewable 
energy with the existing grid. Harmonic distortion, voltage 
fluctuation, voltage management, demand assessment, and load 
rejection are the major potential issues concerning the application of 
photovoltaic - Distributed Generation. This paper develops a model 
using PSS SINCAL to investigate the impacts on integrating 
photovoltaic panel on the utility grid. 
 
Index Terms-- Renewable energy; Photovoltaic; grid 
integration; harmonics; voltage fluctuation; load rejection. 
 
I.  INTRODUCTION 
he integration of variable generation presents unique 
challenges on system performances includes: renewable 
energy (RE) generator’s design and power movers’ type; 
RE power generation’s expected types of run; interaction with 
other RE sources; the position of the grid and RE plant ; the 
characteristics of the grid [1]. Solar energy is one of the most 
promising renewable energy sources which are free from 
greenhouse gas emissions, and meeting future electricity 
demands to build an environment friendly sustainable power 
system that encourages interest worldwide. Small scale 
photovoltaic (PV) technology is cost-effective in providing 
electricity in rural or remote areas, in particular in countries 
like Australia [2]. 
The irregular solar radiation due to weather conditions, 
seasonal variation and geographic location is considered to be 
one of the main drawbacks of the large-scale application of 
PV in distribution networks. Moving clouds can produce fast 
and short irradiance fluctuations producing voltage 
fluctuations in power networks [3].  Large penetration of PV 
systems into the energy mix causes voltage fluctuation and 
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frequency deviation which reduces the power quality (PQ). 
However, PQ problems do not depend only on irradiation, but 
are also based on the overall performance of the solar PV 
system including PV modules, inverter, filters controlling 
mechanism etc. Power electronics converters also inject 
harmonics into the grid. Therefore, suitable harmonics 
mitigation measures must be applied to the PV systems side 
for the integration of large PV systems with the grid [4 - 5].  
From the study by Chicco et al. [6] it was shown that, if the 
size of the PV system was relatively low with respect to the 
short-circuit power of the grid; there was no significant 
influence on the grid voltage quality. However, with the 
increase of the PV system diffusion, the installed power could 
become close to or even exceed the load observed in the point 
of common coupling (PCC) which created harmonic distortion 
at relatively low power and affected the voltage quality. The 
study also suggested that voltage and power mitigation could 
be achieved using super-capacitors. From the results, it was 
seen that the lower harmonic orders reflected the correlated 
behaviour of the PV inverters, depending on the similar 
impact of the meteorological variables on the PV inverters 
located in relatively close positions. Basically, solar irradiance 
or temperature was found to generate a coupling effect on the 
current waveforms at the outputs of the PV inverters.  
Solar radiation is characterised by short fluctuations 
introduced by passing clouds which produces voltage and 
power fluctuations at the PCC. Ricardo et al. [3] investigated a 
voltage fluctuation model used for the evaluation of flicker 
assessment under sunny and cloudy conditions with 
photovoltaic energy sources. The flicker meter model fulfilled 
the requirements defined in the IEC 61000-4-15 Standard [7]. 
Results showed that irregular solar irradiation caused by cloud 
movement produced voltage and power fluctuations.  
A primary national goal of Australia is to increase the use of 
renewable energy from present levels to 20 percent or even 25 
percent of total electrical supply by 2020. A range of policy 
measures have been introduced to achieve this national goal 
[8]. Daily solar exposure across Australia is represented in 
Figure 2 [9]; this shows that solar energy has significant 
potentialities in Australia. Currently, there are five proposed 
solar energy projects in Australia, the largest of which is an 80 
megawatt solar plant at Whyalla, South Australia [8].  
Recently the Australian government has taken Clean Energy 
Initiative (CEI) for the deployment of a range of renewable 
and clean energy technologies to reduced GHG emission and 
meeting rising electricity demand and invested $5.1 billion 
[10]. However, In Australia, the effects of increased large-
scale PV system utilisation on the utility grid have not been 
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investigated in detail and require further investigation to 
ensure PQ of the network.  
 
 
Figure 1: Daily solar exposure across Australia [9] 
 
At present PV installations are governed by the AS4777 
standard [11], which specifies grid connected energy systems 
via inverters. The adaptation of international standards and the 
development of AS4777 is concerning for distribution network 
like Ergon Energy’s (A local Queensland based distribution 
utility organisation) network. The application of the AS4777 
standard in the Ergon Energy network environment is 
questioned by the unknown implications of: 
•   Dynamic power flows and MD assessment 
•   Voltage management and load rejection 
•   Summative power quality and harmonic distortion as 
PV cell systems increase in popularity 
•   Management processes with regard to device control, 
data management and connection processes 
With substantial increases in gird connected PV systems, the 
Government and Ergon Energy financed Solar Cities project, 
the impacts of increasing levels of PV are becoming 
significant to all aspects of utility grid management. A clear 
level for PV saturation has to be defined per feeder, ranked 
according to the feeder type before issues begin to become a 
significant problem. This will allow Ergon Energy staff to 
begin to guide connections, and set up the appropriate 
processes to manage these connections into the future. 
Therefore, in line with the Government’s and Ergon Energy’s 
recent initiatives and to deploy clean energy for Australia, this 
paper focuses on the analyses of impacts on the integration of 
PV panel with the utility grid.  
 
II.  GRID CONNECTED PV SYSTEMS 
Grid-connected PV systems and distributed generation offer 
various advantages over conventional generation by providing 
more effective utilisation of generated power. Increased 
penetration of PV-Distributed Generation (DG) must also 
maintain utility grid reliability, depending on application. 
Distribution network service providers (DNSPs) must clarify 
the technical requirements for grid interconnected DG 
protection, voltage, islanding, control and demand 
management issue [12]. Major components of a grid-
connected PV system are shown in Figure 2 [13]. An inverter 
system is required to transform the DC voltage produced from 
PV arrays. The fundamental requirements of an inverter are to 
limit the harmonic distortion and ensure a constant output 
voltage. Sine wave inverters are mostly used for grid 
connected PV systems due to the power output, system 
efficiencies, and harmonic distortion limit. However, to design 
an adequate inverter system is a challenging task.  
 
Figure 2: Connection diagram for a grid connected PV system [13] 
 
Performances of PV modules depend on load resistance, solar 
irradiance, cell temperature, cell shading and the crystalline 
structure.  A module current output is proportional to the solar 
irradiance. Under high PV saturation solar irradiance, 
temperature and shading can cause drastic swings in network 
operational performance in the event of cloud cover or low 
light situations hence produces voltage and power fluctuations 
and decreases PQ. 
AS4777 standard was derived and adopted for the Australian 
electrical network in 2002 from the ANSI/IEEE 929 - 2000 
Standard [14] Recommended practice for utility interface of 
Photovoltaic (PV) Systems. Ergon Energy as a DNSP relies on 
this standard, but must also adhere and comply with 
Electricity Regulation [15], The National Electricity Rules 
[16]; including the impacts that PV-DG may have upon the 
system. 
Ergon Energy has developed an internal Network Performance 
Standard, based from the Nation and Queensland Electricity 
Rules as well as other relevant Australian Standards. The 
Network Performance Standard details the reliability and PQ 
standard that electricity customers can expect if they are 
connected to the Ergon Energy distribution network [17]. 
Harmonic distortion can be described as 'dirty power' where 
by the voltage supply waveform differs from that of an ideal 
sinusoidal waveform. The cause of harmonic distortion is 
brought about predominantly by the impact of nonlinear loads 
or generating sources. 
The harmonic levels in AS4777 were derived from IEEE 929 
standard for transmission, with limited questioning of its 
application to the Australian network environment. The 
objective of the standard is to provide guidance for the 
installation of inverter systems intended for the injection of 
electrical power, through an electrical installation to the 
electrical distribution network. Figure 3 [18] demonstrate the 
effect of harmonic distortion on the typical network. 
 
Figure 3: Types of harmonic distortion: (a) non-harmonic distortion, 
(b) flat-top harmonic distortion, (c) notching harmonic distortion [18] 
 
 
Power factor for inverter operation must comply with standard 
load accepted values. AS4777 under clause 4.4 states 'Power 
factor of an inverter, considered as a load from the 
perspective of the grid, shall be in the range from 0.8 leading 
to 0.95 lagging for all output from 20% to 100% of rated 
output' [11]. Under the standard lagging power factor is 
defined at the absorption of reactive power from the inverter 
system, acting as an inductive load from the perception of the 
grid. 
DNSPs under AS60038 are required to supply a constant 
voltage between +10% to -6% 230V (216.2 - 253.V) AC 
single phase line to neutral [19]. To ensure voltage is at a 
constant level DNSPs design networks regulate voltage drop 
and variation that limits equipment damage. It is hard to 
predict voltage management specially for weak network, as 
voltage drop is governed predominantly by system line losses 
dependent upon system load and impedance. Distributed 
generation adds complexity to the analysis of voltage drop. 
Voltage inverter regulation is defined under clause 4.2 of 
AS4777, which states an 'inverter shall have an AC voltage 
and frequency ratings compatible with AS 60038 '[11]. 
  
III.  MODEL EVALUATION 
To increase the penetration of a large number of renewable 
energy sources into the grid, a careful assessment of 
renewable energy resource characteristics is essential that 
ensures PQ of the overall systems. From feasibility study it 
has been observed that solar energy has enormous 
potentialities in Australia [20]. Therefore, this study analyses 
the impacts/potential challenges to integrate solar energy into 
the existing grid. As a case study a simulation model has been 
developed for the location of Magnetic Island and Harvey Bay 
using Ergon Energy’s distribution network. Two 11kV 
distributions feeders have been modelled utilising PSS Sincal 
simulation software to identify any potential issues under 
future loading scenarios. The implementation process required 
the construction and simulation of current impacts from PV 
systems and future impacts according to the following 
objectives: 
•   Identify a suitable site for modelling and metering 
based upon network configuration, type and PV 
utilisation. Based on a suitable site PSS Sincal was to 
be used to model the selected sites based on 
modelling parameters identified to determine 
best/worst case scenarios for each of the prevalent 
PV impacts over varying PV utilisation. 
•   Confirm accuracy and troubleshoot models based on 
metering and data analysis. 
•   Simulate future penetration scenarios  
•   Summaries with a series of recommendations, 
discussions, and conclusions. 
A.  Site Investigations 
To perform the modelling, a network location that contained 
significant PV is required. The selected site need to contained 
increasing PV penetration from grid connected inverter 
systems in relation to overall feeder load, type and load 
profiles. Using the criteria and recommendations from Ergon 
Energy, Magnetic Island and Hervey Bay have been identified 
as likely suitable sites to be simulated and modelled based on 
the objectives of the study.  
 
    1)  Option 1: Harvey bay 
Harvey Bay, a site in Central Queensland, Australia currently 
has a high rate of PV connections, despite not being driven by 
the Solar Cities project.  This area provides a more accurate 
representation of the current Ergon Energy network in regards 
to PV penetration, but is not yet expected to show large 
impacts of harmonic currents, dynamic power flow and 
voltage fluctuations. Several feeders have been identified as 
potential modelling and metering locations.  
 
    2)  Option 2: Magnetic Island 
Magnetic Island, a site in northern Queensland, Australia 
demonstrates an increased growth cycle of grid connected PV 
systems via government incentives through the Solar Cities 
project. Currently, there are 108 PV systems installed across 
the network with 268kW of maximum generated capacity. 
One major connection is 17kW on the base backpackers at 
magnetic island. 
Magnetic islands two feeders and high PV penetration allow 
for analysis of a Micro distribution network, where the full 
effects of dynamic power flows on the system can be 
explored. To date no major issues have occurred at the island, 
with the exception of LV voltage rise, however data is still 
being gathered for the analysis of voltage, current and 
harmonic implications. 
 
    3)  Option 3(Preferred): Harvey and Magnetic Island 
This option will allow for a combination of the two 
contrasting networks with the Ergon Energy area. 
Comparisons between the two will allow for demonstration of 
present PV penetration, as well as future PV penetration on 
network operations.  
 
B.  Harvey Bay Model Development 
  In order to model the effects of current and future utilisation 
of PV systems on utility grid operations, first of all present PV 
systems must be identified. At the current rate of connection 
of the PV systems presently on the grid have been identified as 
at the February 2010. Separate PV databases were used to 
identify the current PV systems on the Harvey Bay network.  
The connection managers in the Harvey Bay area store 
connection of PV systems in an IES Load Database. In the 
database account numbers, NMI number, street address, PV 
inverter and connected PV array capacity is recorded for the 
Dundowran feeder in Harvey Bay. With associated 
distribution transformers and addresses, each of the grid 
connected PV systems can be associated to a graphical 
representation of the current network using Google Earth 
Enterprise Client as stated in Figure 4.  
Half hour data was extracted for two peak days and two 
minimum load days. This data was graphed to determine the 
feeder load allocation matching the varying modelling 
scenarios. Referring to Figure 5, load profiles for four days 
have been graphed for a 24 hour period. The window during 
the day where PV generation is prevalent is of most interest. A 
balance between peak generation and minimum load must be 
drawn for the network load. Winter loading was selected as a 
 




Figure 4: Connected PV systems, Dundowran feeder 
 
 
Figure 5: Summer and winter loading, Dundowran feeder 
 
Existing models for the Dundowran feeder is available in 
Dinis Simulation Software. Dinis to Sincal converter 
developed by Hill Michael & Associates consultants is used to 
convert the existing network in PSS Sincal. Once the Dinis 
model had been verified against the existing network, it could 
be converted to a Sincal File. Dinis modelling only have the 
HV network including the substation. As per the HV network, 
Google Earth has been used extensively to identify the 
associated LV network with distribution transformer 12645 
Urraween Road. Exploring the network further it was 
determined the layout of current LV network assets and the 
associated PV systems connected to their assets. The data 
could be inputted into Sincal graphically as shown in Figure 6.  
Once the system had been built and verified as accurate 
against metered data, harmonic specifications of the system 
and PV systems could be added to the model. Harmonic 
distortion of the PV inverter systems has been based on real 
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Figure 6: Sincal modelling of Urraween RD 12645 including 
PV 
C.  Magnetic Island Model Development 
Under the Grid effects project, developed from the Energy 
Sustainability and Market Development division, a PSS Sincal 
model for both T03 and TM10 feeder exists. The model has 
also been independently validated from a third party by Hill 
Michael & Associates and found to be within 2% accuracy.  
Model development for the Dundowran feeder followed a 
similar process to the Magnetic Island Model, excluding the 
Dinis to Sincal conversion process. The Magnetic Island 
model had previously been load allocated with all PV systems 
installed on the system.  
D.  Modelling Scenarios 
Under LV modelling, each category represents a known 
impact of PV penetration, and modelling scenarios designed to 
show the impacts of these under future penetration. This is 
only displayed for the LV network on a single distribution 
transformer (DT). Feeder load and other PV penetration on 
alternate DT are to remain constant, as to represent the current 
network. The situation is possible for a comparatively large 
amount of PV penetration on a single DT, not outside of a 
possible future scenario. PV generation on a single DT is 
designed to show a concentrated effect of current PV systems. 
The utilisation of 33% and 50% are based around the 
specifications set by Austrian, German and Spanish utility grid 
companies. These scenarios are designed to show: 
•   PV voltage regulation and dynamic power flows. 
•   Harmonic implications from PV with different 
inverters 
•   Load rejection. 
Load rejection is used to know about the short-term impacts of 
sudden loss of PV generation through cloud cover and 
determining the networks response with locked tap positions. 
As there is a time delay on the tap settings for voltage 
regulators and zone substation transformers to avoid hunting, 
the network will not respond rapidly to a change in generation 
causing potential voltage stability issues for a set period. For a 
feeder regulator, it will be impartial if it is set at time 
integrating mode, sequential mode or voltage averaging mode. 
 
The modelling scenarios are defined as an approximate loss of 
one area of PV. 
Finally, HV and LV future penetration growth scenarios have 
been modelled on the Dundowran feeder based around a 
growth estimate scenario for future PV penetration on a yearly 
basis.  
 
IV.  RESULTS ANALYSIS 
The obtained results examine the outcome from both 
modelling and metering data for both the Dundowran Feeder 
and the Magnetic Island Model. For the Dundowran feeder, 
several scenarios have been modified on the distribution for 
both LV and HV network. Fundamental modelling was based 
on the impact of harmonic distortion on this network as well 
the voltage issues surrounding the LV network. From LV 
network modelling, the primary concern is the impact of PV 
systems can potentially have in causing voltage unbalance on 
LV systems. As each PV system is not uniformly balanced on 
the system and is essentially added to the existing single-phase 
load, the principal concern is an increase in PV system will 
lead to severe load unbalance and cause a drastic increase and 
decrease in voltage between the LV phases. This has been 
verified by modelling scenarios. 
The HV voltage on the network remains relatively constant 
even under high PV penetration. For the summer load as 
shown in Figure 7 a distinct improvement in voltage is 
available from an increased PV generation causing a decrease 
in system load and subsequently voltage drop across the 
network. From the winter HV voltage the systems prior to the 
voltage regulator demonstrated a distinct voltage rise with 
increased PV generation as shown in Figure 8. Tap changes 
have not been considered on the summer load model. Due to 
system voltage drop at high loads the regulator is on the 
maximum tap setting allowable as an attempt to boost the 
voltage.  
Harmonic distortion on the network has been demonstrated to 
have a minimal effect on the system under light PV 
penetration. Typical system loads through metering have 
shown to have a greater impact on the system than the only 
PV inverter systems. Modelling results shows that increases in 
PV generation causes a increase in total harmonic distortion 
(THD) both for summer and winter loads as shown in Figure 9 
and Figure 10. However, a decrease in THD is noticed at 
varying points on the network. This is due to the implications 
that dynamic power flows have upon the system, and hence 
harmonic current flows. 
Once the point of generation is capable of exceeding the load 
for the given area, THD falls for the PCC. THD is based on 
two key factors, current distortion and system impedance to 
given a voltage distortion. With bidirectional power flows, the 
system impedance changes and the distortion at the PCC is 
now based on the point of generation rather than the 
summative effects of the distortion from the remaining 
network. This coupled with a decrease in system impedance 
yields a decrease in THD for the given point. 
  
Figure 7: HV voltage with summer load for certain points in 
the network with increase PV growth scenario 
 
 
Figure 8: HV voltage with winter load for certain points in the 
network with increase PV growth scenario 
 
 
Figure 9: THD with summer load for certain point in the 
network with increase PV growth scenario 
 
 
Figure 10: THD with winter load for certain point in the 
network with increase PV growth scenario 
 
V.  CONCLUSIONS 
Integration of large-scale PV panel with the grid introduces 
enormous technical difficulties due to its intermittent nature. 
As a case study, this paper explores the impacts on integrating 
PV panel with the existing grid. Two distribution feeders have 
been selected respectively from Harvey Bay and Magnetic 
Island and developed model to analyse the impacts with 
increasing PV penetration with the existing grid. Issues 
analyses in this case study to investigate the impacts of PV 
integration into the grid are: dynamic power flows and ADMD 
assessment; voltage management; power quality and harmonic 
distortion.  
From modelling results it has observed that the main concern 
is surrounding the connection of PV systems on the LV 
system. Loads on an LV network are connected evenly on 
each phase to avoid voltage unbalance. PV systems however 
can lead to unbalance of the loads leading to increased 
voltages in some of the phases. Harmonic distortion though a 
concern is not a major issue at the current rate of PV 
connection.  
As a case study this paper only focuses only two distribution 
feeders and hence only small-scale PV penetration was 
explored. Therefore, impacts of PV were not observed as a 
major issue. However, to achieve the Australian Government 
goals to integrate 20% RE into the energy mix by 2020, large-
scale PV penetration is essential/mandatory. Therefore further 
investigations are required considering the large scale 
distribution network. As a future this study explore in the 
following areas: 
• Further modelling in PSS Sincal and further validation 
of the models through metered analysis. 
• Analyse the impacts on integrating PV into the grid 
using large-scale distribution network, i.e., 
Queensland distribution network. 
• Implications of PV systems on SWER/rural feeders.  
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